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Abstract 

The dominant electroweak corrections to the production cross sections and par- 
tial decay widths of a light Standard-Model Higgs boson, with mass Mh <C 2mj, are 
due to top-quark loops. By means of a low-energy theorem, we study at the two- 
loop level the leading shifts in the Higgs-boson couplings to pairs of light fermions 
and gauge bosons induced by a sequential isodoublet of high-mass fermions. For 
tree- level and loop-induced Higgs-boson couplings, these corrections are of rela- 
tive orders 0{G'j^mp) and 0{G^m'p), respectively, where mp represents a generic 
heavy- fermion mass, with mp ^ Mw, Mjj- Except for the Hbb coupling, all results 
carry over to the case of the top-quark-induced corrections. We discuss possible 
phenomenological consequences of our results. 

PACS numbers: 12.15.Lk, 12.38.Bx, 14.80.Bn 
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1 Introduction 



The Higgs boson is the last missing hnk of the Standard Model (SM) of elementary 
particle physics. Its experimental discovery would eventually solve the longstanding puzzle 
as to whether nature makes use of the mechanism of spontaneous symmetry breaking to 
generate the particle masses. So far, direct searches at the CERN Large Electron Positron 
Collider (LEP) have been able to rule out the mass range < 77.1 GeV at the 95% 
confidence level (CL) On the other hand, exploiting the sensitivity to the Higgs 
boson via quantum loops, a global fit to the latest electroweak precision data predicts 
Mh = 115 + GeV together with a 95% CL upper bound at 420 GeV 0; see also the 
discussion in Ref. 0. 

The study of quantum corrections to the production and decay processes of the Higgs 
boson has received much attention in the literature; for a review, see Ref. In the 
following, we shall consider a light-Higgs-boson scenario, characterized by <^ 2mt. 
Such a situation is not only favored experimentally 0, ^, but also from various theoretical 
considerations |^, ^]. For example, the requirement that the running Higgs self-coupling, 
A(/i), does not develop a Landau pole for renormalization scales fi < Agut ~ 10^^ GeV 
leads to the triviality bound Mh ^ 185 GeV 0. Since the top quark, with pole mass 
rrit = (175.6 ± 5.5) GeV [0, is much heavier than the intermediate bosons, top-quark 
loop effects tend to be the dominant source of electroweak corrections to the couplings 
of a light Higgs boson. The goal of this paper is to calculate the leading mj-dependent 
corrections at two loops to the Higgs-boson couplings to gauge bosons and light fermions. 
For the time being, we shall leave aside the bottom and top Yukawa couplings as well as 
the Higgs-boson self-couplings. 

For the discussion of the leading mt-dependent corrections, it is useful to distinguish 
between the Higgs-boson couplings that already exist at tree level, such as the Hff, 
HWW and HZZ couplings, and those which are induced by heavy-particle loops, such 
as the i?77, H'yZ and Hgg couplings. The present knowledge of the higher-order radia- 
tive corrections to the couplings of the first type is as follows. The complete one-loop 
calculation of the Hff and HVV couplings, where V = W, Z, has been carried out in 
Refs. ip, H and |^ |Ty], respectively. The two-loop 0{asG ^m1) corrections to the light- 
fermion and bottom Yukawa couplings have been calculated in Refs. |1TT| , |12| and ||I3| , 
respectively, and those to the HVV couplings in Ref. [l^. The three-loop 0{alG^mf) 



corrections may be found in Ref. for the Hl^l and HVV couplings and in Ref. [|r 



for the Hqq couplings, including the bb case. As for the loop-induced Higgs-boson vertices, 
the two-loop QCD corrections to the H'-fy, H'yZ and Hgg couplings have been derived 
in Refs. |l^, [19|, respectively. The three-loop O^a^) corrections to the if 77 and Hgg 
and couplings have been found in Refs. pO, |21I] and respectively; this analysis has 



also been extended to 0{a^) The leading two-loop electroweak corrections, which 
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are of 0{Gf^mf) relative to the one-loop result, have only been calculated in the case of 
the Hgg coupling p3 . 



The leading electroweak two-loop corrections of (9(G'^m^) to the Hff and HVV 
couplings, as well as the two-loop O(G'^m^) corrections to the Hjj and H'yZ couphngs are 
not yet available. In this paper, we shall partly fill these gaps. For the sake of generality, 
we shall consider a sequential fourth-generation fermion doublet with arbitrary masses 
mA^TTiB 3> M\y,Mh- The results for the top-quark-induced corrections then emerge by 
substituting = and = 0. Notice, however, that there is an additional class of 
diagrams contributing to the 0{G'j^mf) corrections to the Hbb coupling, which is absent 
in the fourth-generation case. These bottom-specific corrections will not be considered 
here. 



The study of the extension of the SM by a fourth fermion generation is interesting in its 
own right. Recently, it was noticed that arguments favoring the presence of a fourth 
fermion generation may be adduced on the basis of the democratic mass-matrix approach 



25| . The possible existence of a fourth fermion generation is also considered in the Review 



of Particle Physics [^, where mass bounds are listed. For a recent model-independent 
analysis, see Ref. [^. It is advantageous to trace such novel fermions via their loop effects 
in the Higgs sector, since these effects are also sensitive to mass-degenerate isodoublets via 
fermion-mass power corrections. This has originally been observed in Ref. [§ in connection 
with the Hff, HWW and HZZ couplings. Moreover, the H'j'j and Hgg couplings 
may serve as devices to detect mass-degenerate isodoublets of ultraheavy fermions ||28| , 



although power corrections do not occur here at leading order. By contrast, in the gauge 
sector, leading power corrections only appear in connection with isospin breaking [2^. 

Since, at this point, we only wish to extract the leading heavy-fermion corrections to 
the Higgs-boson couplings, we may work in the framework of a Yukawa Lagrangian where 
the heavy fermions only couple to the Higgs boson and the longitudinal components of 
the gauge bosons, a situation which corresponds to the gaugeless limit of the SM . In 



the presence of external gauge bosons, these can be considered as background sources. 
In practice, in the covariant gauges, it suffices to only consider the diagrams that involve 
exchanges of scalar bosons. However, this simple approach may fail if there is a symmetry 
which lowers the superficial degree of divergence of the loops. For instance, this happens 
in the case of the H'y'y coupling, where QED Ward identities imply that VT-boson loops 
cannot be neglected any more. Nevertheless, we will show that, also in this case, the 
calculation can be performed in a very compact manner. Moreover, we may also take 



advantage of a soft-Higgs theorem ||3T|, |3^, extended to higher-orders which relates 
the couplings of the Higgs boson to gauge bosons to derivatives of the vacuum-polarization 
functions of the latter. 



This paper is organized as follows. In the next section, we will analyze the universal 
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0{Gf^mp) correction to the Higgs-boson vertices. This is the only such contribution in the 
case of the lepton and hght-quark Yukawa couphngs, except for the Hbb couphng. The 
results will be presented both in the electroweak MS |Q and on-shell schemes. In 

Section 3, we will derive the (9(G^m^) corrections to the HWW and HZZ couplings. In 
Section 4, we will turn to the couplings which are not present at tree level, and calculate 
the two-loop 0{Gfj,mp) corrections to the loop-induced H'yy and Hgg couplings. Finally, 
Section 5 is devoted to the numerical discussion of our results. 



2 Universal correction: Hff couplings 

At leading order in the heavy-fermion masses, i.e. to 0(G'^m|,) at one loop and to 
0{G'j^mp) at two loops for couplings present at the tree level, one can isolate an ultraviolet- 
finite and gauge-invariant contribution to the Higgs-boson production and decay ampli- 
tudes which is universal in the sense that it is independent of the initial and final states. 
As for the Yukawa couplings of the leptons and light quarks, except for the bottom quark, 
this is the only source of leading top-quark contributions. In this section, we will discuss 
this universal correction in the more general case of an isodoublet of heavy fermions, first 
in the electroweak MS scheme of Ref. and then in the on-shell scheme. The scheme 



of Ref. uses MS couplings and on-shell masses as basic parameters. 



The bare Lagrangian describing the interactions of the Higgs boson with fermions / 
and intermediate bosons V = W, Z, 

^ = — {- E ^/o/o/o + 2Ml.,W^^W,^ + Ml,Z,,Z^, 



f 



contains the overall factor Hq/vq, where H the Higgs field, v is the vacuum expectation 
value and the subscript labels bare quantities. This ratio undergoes a finite renormal- 
ization. Recalling that vq = 2Mwo/go = 2coMzo/go, where g is the SU(2)i coupling 
constant and c is the cosine of the weak mixing angle, we define the finite universal shift 
in the MS scheme, 6u, via 

^0 gH 



{l + L), (2) 



vo 2cMz 

where g and c are defined in the MS scheme and Mz is the physical Z-boson mass defined 
as the real part of the pole of the propagator. Shifting M|q and Hq, one obtains 



Hq gH 5M\ 



Vq 2cMz \ M2 



l + ReHU(Mi) , (3) 
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where 5M| 



ReAzz{Ml] 



Azzil"^) is the Z-boson self-energy and IIhh{(1^) is the 



Higgs-boson self-energy, defined according to the conventions of Ref. [|TT], 0. Since we 
are only interested in the leading (9(G'^m|^) and (9(G^m^) corrections, we may replace 
ReAzziM^) and Ren^j^(M^) in Eq. (D with AzziO) and U'hhW^ respectively. In the 
MS scheme, as a consequence of the SU(2) custodial symmetry of the SM, the countert- 
erm 6c^ = — c^[5M^/M^ — 5M|/M|]uv, where the subscript UV indicates that only the 
ultraviolet pole has to be considered, receives no quadratic fermion-mass contributions 
3^ . Hence, the counterterms for c and g do not contain leading-order contributions in 
the heavy-fermion masses. This is the reason why we first present our results in this 
particular scheme. Denoting one- and two- loop contributions by the superscripts (1) and 
(2), respectively, we may identify the 0{G^rn?p) contribution to 5u as 



2 M| 



^ngi;(o). 



(4) 



The one-loop 0{G^m?p) contribution from a weak isodoublet of ultraheavy fermions, with 
arbitrary masses niA-, ttlb and color multiplicity N^, to the Z-boson mass counterterm 
and the Higgs-boson wave-function renormalization constant (see Fig. la) are given by 



nS^(o) 



m 



FO 



friFoJ 



2e 



2e 



2e 24 ^ ' 



1 1 TT^ 2^ 

2^-3 + 24^ + ^^^) 



(5) 
(6) 



respectively. Here, n = 4 — 2e is the space-time dimension in dimensional regularization, n 
the 't Hooft renormalization scale and we have kept the 0{e) terms for later convenience. 
Inserting Eqs. (^H) into Eq. (||), one obtains 
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(7) 



Here and in the following, x = m\/m\. 

We now extend the analysis to the two- loop level keeping only the leading O^C^rrip) 
terms. Our starting point is the two- loop analogue of Eq. (H), 



2 M| 



1 (5«M2. 



-H 



(1)' 

HH 



(0) + 1 



1) 



Here, the first two terms represent the irreducible two-loop contributions to the Z-boson 
mass counterterm and the Higgs-boson wave-function renormalization constant to be cal- 
culated below. The third term arises because part of the one-loop contribution of Eq. (|^) 
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is expressed in terms of bare quantities, namely the fermion masses in Eqs. and the 
Z-boson mass in Eq. (j^), while the one appearing in Eq. (|^) is renormalized by definition. 
The counterterms associated with the couplings can be neglected, as they do not contain 
leading terms in the MS scheme. The last two terms in Eq. represent iterations of the 
one-loop contributions. 

At this point, it is useful to separate 5^^-* in two parts: one which is proportional to 
and includes all irreducible two-loop contributions along with the respective fermion mass 
counterterms; and one which is proportional to and comes from the iteration of the 
one-loop terms including the Z-boson mass counterterms. The two sets of contributions 
must be independently finite and gauge invariant. As the calculation is performed in 
n dimensions, 0{e) terms must generally be kept in the one- loop expressions. We first 
consider the subset of contributions proportional to A*"^. Shifting the bare Z-boson mass 
in Eq. (^, one obtains a term which exactly cancels the fourth term in Eq. (^. Thus, 
the only contribution proportional to A"^ arises from the last term in Eq. (H), with 5^'^ 
given by Eq. (|^. 

As for the contributions proportional to Nc, let us first consider the heavy-fermion 
mass counterterms (see Fig. lb). Since rriA and rriB only enter at one loop, it is sufficient 
to know these counterterms to 0{G^m'jp). If the fermion masses are renormalized on shell, 
we have 



6mA g^'m-A ( 1^ S^"" 

tua IGtt^c^MI Km a J 

+ - — -^ln|l -a;| + C(e) 



3(1 — x) 8 — 5x + x^ x^,^ 
[6 — x)mx 



(9) 



The corresponding expression for 6mB/mB emerges by interchanging A ^ B. Since 
5':jf> in Eq. (0) is a finite quantity, we do not need the 0{e) parts of the fermion mass 
counterterms. However, it is necessary to retain the 0(e) piece in the bare analogue of 
Eq. d^), since it combines with 0{l/e) terms of the bare fermion masses contained therein 
to give finite two-loop contributions. With the help of Eqs. (|,^^, we thus find 

5=t = ^ '- J, 1 (3-2a;-a;^)lna; + ^ ^In 1-x . (10) 

8e 12 24^ ' 24x ' ' ^ ^ 

Throughout Sections 2 and 3, the symbol = indicates that the right-hand side is to be 
multiplied by the overall factor 

(167r2)2c4M| KmAJ ' ^ ' 

where e = if finite results are concerned. 
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We now consider the irreducible two- loop contributions to i.e. the first two terms 
of Eq. (H), which all scale like N^. Typical Feynman diagrams are depicted in Fig. 2. We 
work in the gauge and take 75 to be anticommuting. Since we are only interested in the 
leading 0{G'jj^'mp) terms, we may set the Higgs- and intermediate-boson masses as well 
as the external momentum squared to zero from the beginning. The actual calculation 
is conveniently performed with the aid of the symbolic manipulation program package 
ProcessDiagram ^7\. Since all trilinear scalar-boson vertices, which are proportional to 
the scalar-boson masses, are set to zero from the beginning, only the diagrams with four 
Yukawa couplings contribute to the Higgs-boson self-energy in leading order (see Fig. 2a). 
The Higgs-boson wave-function renormalization constant is found to be 



ng!;(o) 



+ 



3(1 -x)^ 1 
16e2 ^ e 
17 - 2a; + 17^^ 



11-382;+ llx^ 
32 



-x(l — x) Ina; 



192 



— (1 - x? + —(19 - llx) \nx 
32^ ^16^ ' 



H (3 — 5x) In X 

16^ ' 



X 



Li2(l-x) + 0(e), 



(12) 



where Li2(x) = — dt\n{l — xt)/t is the Spence function. 



In the limit we are considering, the Z-boson mass counterterm only receives con- 
tributions from diagrams which contain no internal vector-boson lines and at least one 
scalar-boson line (see Fig. 2b). Some of these diagrams are infrared divergent because we 
have set the masses of the Higgs and Goldstone bosons to zero. One can regulate these 
divergences in different ways, for instance by using dimensional regularization or by assign- 
ing small masses to these scalar bosons, which may be different or the same. Note that, 
in the Lagrangian under consideration, there is no symmetry which protects the mass- 
lessness of the scalar bosons, so that these masses receive radiative corrections, which 
are also of (9(G^m^). Since these contributions are linked to the tadpole counterterms 
via Ward identities, as explained e.g. in the Appendix of Ref. |jll|, 
view them as keeping the Goldstone bosons massless. Therefore, 



we can equivalently 
we still need to add 

the counterterm contributions which emerge by shifting the scalar-bosons masses in the 
one- loop seed diagrams. These contributions are themselves infrared divergent, but if 
they are combined with the irreducible two-loop diagrams, the result is infrared regular 
and independent of the regularization adopted, as it should be. The use of a small mass 
regulator common to all the scalar bosons is particularly convenient, since it quenches the 
counterterm contribution. In this way, we find for ^'^^^Ml/Mf, including the scalar-boson 
mass-counterterm contributions, 



3(1 



X] 



16e2 

19 

- — (1- 



+ 



3 - 22x + 3x2 



TT 



32 



X 



X 



1 — x) In X 



X 



+ —(11 — 3x) Inx 
16 
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H (3 — 5x) In X 

16 



X 



Li2(l-x) + 0(e). 



(13) 



Inserting Eqs. (|7, 10, 12, 13) into Eq. (§), we finally obtain the universal correction at 
two loops in the MS scheme as 



^01 



17 -22a; + 17x2 
48 



— (3 -4x + x^) Inx + — — — 
24^ ' 24x 



■ln|l -x| + ^(1 + x)2. (14) 



In the limiting cases rriA ^ itlb and ^ m^, this becomes 



" x=o 16 24 ' 



a;=l 



1 

4^T' 



(15) 



respectively. 



In the next section, we will also need the leading contribution from an ultraheavy 
fermion isodoublet to the H^-boson mass counterterm 6M^ = Re Aww{M^), which may 
be calculated in the same way as in the Z-boson case. At the one-loop order, it is given 
by 



X 



X 



WTrm^KmAJ \ 2e 4 2(1 -x)""^ 

„2 



+ e 



X 



1+X TT^ 

\ (1 + a;) + — 

8 24^ ^ 4 1-x 



Inx 



X 



4(1 -x; 



In X 



+ 0{e'). (16) 



The corresponding two- loop result, including the contributions due to the scalar-boson 
mass counterterms, is given by 



3(1 -x)2 1 

■— ^ — + - 

16e2 e 



3 - 14x + 3x2 3^2(^3 _ ^) 



32 



Inx 



69 + 14x + 69x2 vr^^ ^2 

H (1 - x) 

64 32^ ^ 



8(1 -x) 
x(14 + 31x-3x2 
16(1 -x) 



Inx 



x2(7 - lOx - x2) 
16(1 -x)2 



7 



ln2 X - -(1 - x2) Li2(l - x) + C(e). 



(17) 



Results in the on-shell scheme 



So far, we have discussed the universal correction in the electroweak MS scheme of 
Ref. [0. By contrast, in the electroweak on-shell scheme, the couplings are expressed in 



8 



terms of G^, Mw and Mz- To the orders considered here, the relations between the MS 
couphngs and on-shell parameters read ^| 



^ Ml 



where 



Ap 



1-Ap), g^ = AV2G,M^, 
Azz{0) AwwiO) 



Ml 



(19) 



embodies the leading fermionic correction to the electroweak p parameter. The one-loop 
heavy-fermion contribution to Ap is well known and reads 



1 + X + m X 



1 — X 



(20) 



We recall that this expression vanishes for degenerate fermion masses, as isospin vio- 
lation is the only source of custodial symmetry breaking, which induces leading power 
corrections. On the other hand, Ap*^^^ = NcG^m\/ if ^ ms- The two-loop 

contribution is obtained from the difference of Eqs. ([T3|jl7|) as 



Ap' 



(2) 



ll-12x+llx2 2 + x + 19x2-9x3 + 3x\ 
1 T^TTz ^ In X 



16 1 - X 



+ 



'l-x) 



+ 



16a; 
1 — X , 



-(3-2x + 3x^)ln|l -x| 



x^(3 — x^ 



In X 



iX 



1 + x^) Inxln |1 — a;| — -(1 — x^) Li2(l — x), 



(21) 



which is in agreement with Ref. [38|. Again, the expression vanishes for = tub- On 
the other hand, for tha ^ ms, one has Ap*^^) = (19 — 27r^)/16. 

In order to derive the universal contribution in the on-shell scheme, 6u, we start from 
the identity 

Ho gH 



vo 2cMz 
Using Eq. (ITBI), we thus have 



l + 5„ = (l + 5„)(l-Ap)-i/2. 
At the one loop-level, this implies 



e{i) _ N,Gf,m\ 



1 X 

-(1 + x) + Inx 

6 1 — X . 



(22) 



(23) 



(24) 
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which agrees with Refs. 0. Expanding Eq. ( pS] ) consistently through two loops, we 
obtain 



(25) 



Inserting Eqs. (|,|T|,||,|TD , one then finds the universal correction in the electroweak 
on-shell scheme to be 



25 - 29x + 25x2 6 - 9x + 85x2 _ 47^3 ^ ^33,4 

1 TTT-TZ ^ In X 



+ 



24 



96x 
1 — X , 



96 1 - X 



13- 14x + 13x2) lull -x| 



x3(3^x^,^2 
16(1 -x)2 



In X 



16x 



1 + x'^) In X In |1 — x| (1 — x^) Li2(l — x) 



11 , ,n 13X(1 + X) 

(1 + x)2 H } f 

128^ ' 96 1-x 



Inx + 



3x2 



32(1 -x)2 



In X 



which, for ^ and ^ tub, takes the values 



.(2) 29 7r2 11 

(5'- = 1 

^=0 32 16 128 " 



5(2) 



x=l 



6 



(26) 



(27) 



respectively. This completes the discussion of the universal contribution and the leading 
corrections to the lepton and light-quark Yukawa couplings. 



3 The HWW and HZZ couplings 



We now turn to the leading electroweak corrections to couplings between Higgs and inter- 
mediate bosons. Since the HWW and HZZ couplings appear already at the tree level, 
the leading one- and two-loop corrections in the heavy-fermion masses are of (9(G^m|,) 
and O^Cj^nip), respectively. 

In the electroweak MS scheme, the renormalized HVV interaction Lagrangian takes 
the form 



HVV 



(1 + Su) M^WlW (1 + 5w) + ^Z^Z^^ (1 + 5z 



cMz 

where 6u is given by Eq. (|1^) and 



(2^ 



(29) 
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The appropriate one- and two- loop expressions for 5 My /My may be found in Eqs. (|5|,p!^, 
|I6| , |T7D . Notice that the wave-function renormahzation constants of the intermediate 
bosons do not contribute to leading order in the heavy-fermion masses. The only miss- 
ing piece in Eq. (|28| ) is the irreducible HVV vertex correction, d'"" . It can be derived 
by means of a low-energy theorem which relates the heavy-fermion contributions to the 
HVV vertex and VV self-energy corrections in the following way: 



rirr 



^ m|o(9 Ayv(O) 

F=A,B ^'"'FO ^^^VO 



(30) 



where it is understood that the masses appearing in coupling constants must be treated 



as constants under the differentiation 33 



In terms of bare parameters, the one- loop results for 6y^ through 0{e) read 



s-irr(l) 



s-irr{l) 



1 + Xo 1 + Xo 



2e 



+ e 



1 +2;o , 

1 + a^o 

8 24^ ^' 



4 



Xn 



+ 



Xn 



2(1 -Xo: 



In Xq 



NcQI 



E 



m 



2 f \ 



4(1 - Xo, 

2e 



■ In Xo 



Xn 



4(1 -Xo) 



In^ Xo 



FO 



\mpoJ 



1 
Ye 



1 
2 



77 

24 



6 + 0{e' 



(31) 



Inserting Eqs. (^|TB],^T]) into Eq. 



we obtain the final one-loop results as 

Ncg'^m\ I + X 
"l67r2M^ 2 ' 
Ncg^m\ 1 + x 



levr^c^Mf 2 



(32) 



Expanding Eq. (PPj) and collecting the two-loop pieces, we have 



.(2)_.M2) 5^^)Ml .... 

V -V -^^^^y-^y -j^- ^^^^ 

As in case of 5^, the counterterm contribution, 6y, consists of two parts which scale as 
and iV^?. They emerge by renormalizing the heavy-fermion and intermediate-boson masses. 



respectively, in the bare analogue of Eq. (P2|), 5y^ = 6y^^^^ — 6^^^ My / My , where (J^"^"^-* 



IS 



given m Eq. (|31|) and S^^'^M^/M^ in Eqs. (|,|16D. The part proportional to exactly 
cancels against the last term on the right-hand side of Eq. (|33|) . The part proportional 
to Nc is obtained by shifting the fermion masses in the bare version of 6y^ according to 



11 



Eq. 



ret 



ret 



and reads 

3(1 15-26x + 15x2 x2(8-x-x2) 



8e 16 
3(1 -xf 3 - 2x + 3x2 



Inx- W^ln|l-x| + 0(e) 
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- -(3 - 2x - x^) Inx - ''^ In |1 - x| + C(e). 



5X 



(34) 



Again, the knowledge of the C(e) term in Eq. (^ is not required, as Eq. ( p2D does not 
contain ultraviolet divergences. 



When we apply Eq. (pOf ), we must differentiate with respect to the fermion masses 
which enter through the propagators and treat those coming from the Yukawa couplings 
as constants. We thus obtain 



s:i"(2) 



rirr(2) 



3(1 -x)2 1 
16e2 + e 



9-10x + 9x2 3x^(3 -x), 

- + — TTT In X 



32 



Kl -x) 



+ — (27 - 14x + 27x2) (l-x)2+ ^ ^ 



3 

64^ 



vr 

32' 
7 



16(1 -x) 

x2(7 - lOx - x2) a; _ Li _ a;2) Li2(i _ a;) + 0{e) 



Inx 



16(1 -x)2 
3(1 -x)2 1 
16e2 + e 



15 - 46x + 15x2 3 



32 



x(l — x) Inx 



7 + 50x + 7x2 ^2 



X 



64 



(l-x)2 + --(23-15x) Inx 
32 16 



+ — (3 — 5x) In X 



Li2(l-x) + 0(e) 



(35) 



Combining the previous results, we finally obtain for the complete two-loop correction 
to the HWW and HZZ couplings in the MS scheme 

x2(10-5x + x2) (1-x)^ 



?(2) 



(1 — X + x2) — ^ — ' ^ Inx — -^^ In |1 — x| 



5X 



3 

"i 

- — (1 - x)2 + -(3 - 4x + x2)lnx - -^-^ — ^In |1 - x| 



respectively. For niA ^ trb and uia ^ ms, this reduces to 



J(2) 




5 




Ow 












m 






x=l 




x=l 



?(2) 

0, 



a'=0 



13 
16' 



(36) 



(37) 



respectively. 
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Results in the on-shell scheme 



The difference between the contributions to the HVV vertices in the electroweak: MS and 
on-shell schemes is not only due to the universal part discussed in the Section 2, but 
also due to terms specific to the HVV interactions. To elucidate this point, we rewrite 
Eq. (p8|) in the on-shell scheme as 



Chvv = 2"^G^'^H (1 + 5^) \2Ml,WlW^{l + 5w) + M|Z^Z^(1 + 5z) 



(38) 



In the case of the HWW coupling, it follows from Eqs. (|18| , |32|) that we may identify 



'W ' 



5 



(2) 
W 



f(2) 
'W ' 



(39) 



where it is understood that the couplings on the right-hand sides are to be expressed in 



terms of G^. 



On the other hand, in the case of the HZZ coupling, one needs to take into account 
the shift in &. At the one- loop order, this does not lead to any change, so that 



^(1) 



5 



(1) 



(40) 



At two loops, however, an extra contribution arises from the denominator of Eq. 
that 



5^' 



5f +5WAp« 



-^(1 - xf + ^(3 - 4x + z^) Inx - — ^ 

lo o oX 



X 



In |1 — a; I 



2x , ■ 
1 + a; H m x 



X 



so 



(41) 



with the limits 



c(2) 



x=0 



13 _ A, 
16 8 



s(2) 



x=l 



0. 



(42) 



Finally, we can combine the universal and vertex-specific corrections to obtain the 
complete one- and two-loop corrections to the Lagrangian of Eq. (B3) as 



tot(l) 



5 



.tot(2) 



V ' 



respectively. At one loop, we recover the results of Ref. 
discussion of the HWW and HZZ couplings. 



(43) 

TU|. This completes the 
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4 Loop-induced interactions 



The if 77 coupling is mediated via loops of W bosons and charged fermions, while the 
Hgg coupling is generated by quark loops (see Fig. 3a). These virtual particles do not 
decouple if their masses are much larger than Mh, since their couplings to the Higgs 
boson grow with their masses. Therefore, the if 77 and Hgg vertices provide devices to 
count the number of charged and coloured high-mass particles, respectively, which may 
be too heavy to be produced on their mass shells. Owing to QED-like Ward identities, 
the leading two-loop electroweak corrections to the if 77 and Hgg couplings scale only 
quadratically with the heavy-fermion masses, i.e. they are of 0{G^j_ni?p) relative to the 
Born approximation. In the next subsection, we will derive the 0{G^m?p) correction to 
the if 77 amplitude. The corresponding result for the Hgg coupling can then be readily 
obtained from this by adjusting the coupling constants and colour factors. 



4.1 The H'yj coupling 

For simplicity, we will assume that all three external legs are on their mass shells and 
that the mass hierarchy Mh/2 <C M]y <^ mp holds. Thus, our results should be valid 
for an intermediate-mass Higgs boson. By virtue of electromagnetic gauge invariance, the 
if 77 amplitude must be proportional to [ki ■ k2g^^ — ki^k^), where fci, and /i, v are 
the four-momenta and Lorentz indices of the two photons, respectively. We first consider 
the one-loop contribution due to a weak isodoublet of ultraheavy fermions, with masses 
rriA, TTiB, electric charges Qa, Qb and colour multiplicity Nc. At one loop, the effective 
Lagrangian describing the resulting if 77 interaction reads in bare form P5| , 

CH,, = ^,^Fo,.Fr E ^cQl, (44) 

"^0 F=A,B 

where e is the electromagnetic coupling constant and f),,^ is the electromagnetic field- 
strength tensor. Up to terms of 0{e), the corresponding coefficient of (fci ■ k2g^^ — ki^k^) 
is thus given by 

4"^-3^^ E/.«(;4)^i + 0(.^)|. (45) 

The contributions due to light fermions are negligible. 

The residual one-loop contributions, due to W bosons, charged pseudo-Goldstone 
bosons (0) and Faddeev-Popov ghosts, are conveniently calculated in a non-linear gauge 
Pol , which has frequently been used to simplify the calculation of loop amplitudes 
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involving external photons |^T[]. An equivalent alternative makes use of the background- 
field method [^2|, In the non-linear gauge, the 7Vr^0^ coupling, which is characteristic 
for the gauge, is avoided, so that the photon separately couples to W and charged 
Goldstone bosons. As a consequence, the bosonic if 77 loop diagrams come in a smaller 
number than in the gauge, and they can be separated in W^-boson and unphysical- 
scalar-boson parts. Further modifications [^] in the Faddeev-Popov sector of the SM do 
not affect the calculation, as ghosts do not couple to fermions. As the H(l)'^(f)~ coupling 
is proportional to M^, the diagrams involving the Goldstone bosons can be discarded in 
our approximation. Keeping the 0{e) parts and fixing the gauge-parameter to one, we 



have for the two remaining contributions |32, 41 



A 



(1) 
w 



A 



(1) 

FP 



Vq IGtt^ 



fx 



vo 167r2 \Mw. 



2t 



20 2 



2e r1 



(46) 



The full if 77 amplitude to one loop is then obtained as A''^^ = Ap"^ + + A 



FP- 



We now turn to the leading two-loop correction to the if 77 amplitude. One may 
wonder whether the Yukawa Lagrangian characterizing the gaugeless limit of the SM 
30| , which we have used in the previous sections to calculate (9(G^m^) corrections to 



the Hff and HVV couplings, is sufficient to also extract the 0{G^mp) correction to 
the ii77 coupling. In fact, in contrast to the previous cases. Ward identities insure the 
absence of 0{G^m%) contributions, and it is not obvious any more that diagrams involving 
virtual W bosons may be neglected. This can be understood in the following way. After 
integrating out the heavy fermions, we have two dimension-four operators which produce 
0{Gfj,rn?p) corrections to the ii77 amplitude at the two-loop level, namely the operator 
in Eq. (|^) and the first one in Eq. (pSD , through the diagram of Fig. 3b. Hence, the 
effective Lagrangian appropriate for the problem at hand is 



H'yy 



rr + C2MIM 



(47) 



where the ellipsis stands for additional operators involving charged pseudo-Goldstone 
bosons, such as d^^'^d'^cj), which are characteristic for the covariant gauges and are absent 
in the unitary gauge; for a detailed discussion of the low-energy effective Lagrangian of 
the SM, see e.g. Ref. [|^. For the problem at hand, we only need the one-loop result 
for C2, which is available from Section 3. By contrast, ci must be determined by an 
explicit two-loop calculation. As in the previous sections, this calculation can be per- 
formed by considering the diagrams which only involve virtual Goldstone bosons along 
with the heavy fermions. The diagrams containing only virtual heavy fermions and scalar 
bosons are described by a Yukawa Lagrangian in which the would-be Goldstone bosons 
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are minimally coupled to the photon. Once the relevant two-loop contribution to the 
photon self-energy function has been calculated from this Lagrangian, one can derive the 
corresponding if77 vertex correction using a low-energy theorem similar to Eq. (^). We 
have verified that the photon self-energy tensor, supplemented by the scalar-boson mass 
counterterms as explained in Section 2, is transverse and satisfies the QED Ward identity. 
Note that 111^^(0), where 11^^ (g^) is the photon self-energy function, contains contributions 
which depend logarithmically on the scalar-boson masses m<^. Thus, they are infrared di- 
vergent in the limit rrifp —>■ and gauge dependent in the gauges. However, in our 
approximation of neglecting all scalar-boson couplings to the Higgs boson, the degree 
of convergence of the irreducible vertex diagrams is higher than the one of the photon 
self-energy, so that the application of the low-energy theorem leads to an infrared- and 
ultraviolet-finite and gauge-invariant result for the H'y'y amplitude.^ 

Let us first consider the diagrams in the first row of Fig. 2b, in which both pho- 
tons couple to the heavy fermions. With the help of the low-energy theorem (0), their 
contribution to the irreducible H'yy vertex is found to be 

Af' = ^iQA~QBf~li^Ql + QAQB-23Ql) 

+ ^{23Q\ - QaQb - 4Q|) + ^(1 + x)Qb{Qa - Qb) Inx. (48) 

Here and henceforth, the symbol = indicates that the right-hand side is to be multiplied 
by the overall factor 

(167r2)2M3, Wa/ 

The electric charges of the isodoublet partners satisfy the relation Qa ~Qb = 1- We note 
in passing that, if Qa = Qb was fulfilled, Eq. (|48|) would be ultraviolet finite and free of 
singularities in the limit of one fermion mass vanishing. In fact, as we will see in the next 
subsection, this corresponds to the Hgg case. 

Next, we consider the diagrams in the second row of Fig. 2b, where the photons 
couple at least to one charged scalar boson. Also including the contributions due to the 
scalar-boson mass counterterms, we find 

Af'' = -^^{Qa-Qb)+^-^^{1-5Qa + 5Qb) 



(49) 



^As n^^(O) is infrared divergent even after subtracting the scalar-boson mass counterterms, particular 
care must be exercised in regularizing these divergences. Logarithmic divergences which have the form 
In 7710 if we introduce a small mass regulator rritj,, turn into l/e—lnmp if we use dimensional regularization. 
The additional Inmi? terms introduced in this way conflict with the use of the low-energy theorem (^0|), 
which leads one to also differentiate such terms with respect to tof- Therefore, dimensional regularization 
of the infrared divergences should be avoided here. 
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+ (1 - - Qb)x'] - ^—(1 - + Qb) In (50) 

Due to = Qa — 1, this is convergent as — and cancels the ultraviolet divergence 
of Eq. (^81) . We still need to take into account the counterterm contribution which arises 
by shifting the bare heavy- fermion masses in Eq. (^) according to Eq. (^, which reads 

A^; = -(l-x)(g^-Q|). (51) 

We recall that the renormalization of e does not generate any 0{G^m?p) corrections. 



Adding Eqs. (|48|J50| , |5T| ) , we obtain the final result for the scalar-boson exchange diagrams, 



=^^-1Qa + 2Q\-x{^-- 3Qa - 2Qlj , (52) 

which is finite and gauge invariant. 

Let us now turn to the diagrams involving W bosons. With our choice of gauge, we can 
separately consider the diagrams which, in addition to the heavy fermions, contain W and 
charged Goldstone bosons because the 'jW'^cj)'^ coupling is absent. The W and charged 
Goldstone bosons still mix through the HW^(f)^ coupling, but the leading contribution 
from the two-loop H'^'y diagrams which involve this coupling can be removed by an 
appropriate choice of renormalization in the unphysical sector p^, which respects the 



Slavnov- Taylor identities The same choice also insures that Mw in the expression 
for App in Eq. (^6]) does not need to be renormalized. The only diagrams containing 
virtual W bosons which can generate OlGf^mjp) corrections are those with a quadratic 
sub divergence. This includes the diagrams where a fermion loop is inserted into a W- 
boson line. In this case, however, the quadratic subdivergences are cancelled by the 
corresponding W^-boson mass counterterms. We are then just left with the contribution 
from the left diagram in Fig. 3b, which corresponds to the insertion of the second operator 
in the effective Lagrangian (^) into the one-loop seed diagram containing a VT-boson loop. 



This contribution can be easily calculated from Eqs. ([3^j4q) and reads 



^£^ = -y(l+^)- (53) 

This includes the IV-boson mass-counterterm contribution that arises from A^) , and has 
been confirmed by an explicit two-loop calculation. 

Finally, we need to include the finite contribution due to the shift in the ratio Hq/vq, 
i.e. of Eq. (|^) in the electroweak MS scheme and S^^ of Eq. ( plD in the on-shell 
scheme. This is the only scheme-dependent contribution at the two- loop level. As Hq/vq 
is an overall factor common to all one-loop contributions, the shift operates on the total 
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one-loop amplitude, giving the contributions 
A'? 



-{1 + x) + Inx 

D 1 — X . 



in the MS and on-shell schemes, respectively. 



(54) 



The total 0{G^m?p) correction A^'^'^ to the if77 amplitude is then obtained by summing 
the contributions of Eqs. (|5^^4D. In the on-shell scheme, the result reads 

(55) 



yl(2) ^ ^(2) _ g^(7 _ 2Qa) - x{l - g^)(5 + 2Qa). 
In the limiting cases ^ and ^ m^, this reduces to 

Am 



^(2) 



x=0 



x=l 



49 
24 



7 



7Qa + 2gi - — iVe(l - 2Qa + 2Q1) 



4, 



-- - AQa + 4gi - -iV,(l - 2Q^ + 2Qi), 



(56) 
(57) 



respectively. Notice, however, that Eq. ([56| ) is only valid in the case of two ultraheavy 
fermions with a strong mass hierarchy, i.e. Mw <^mB ^ tua, and thus cannot be applied 
to the contribution from the top and bottom quarks. In the latter case, rrib -C M^y -C 
nit, the bottom quark decouples from the one- loop result, so that Eqs. (|5T|j5^) must be 
modified. Then, Eq. (|56D becomes 



25 



7 



(5^ 



In the three-generation SM with Mh/^, -C Mw <^ the (9(G'^m^)-corrected if 77 
amplitude, renormalized according to the on-shell scheme, reads 



A. 



SM 



aG^47 

23/4 9 



77 



1 + 



87r2v^ 



511 



94 



-m. 



(59) 



where a = e^/(47r) is Sommerfeld's fine-structure constant. Large logarithmic QED cor- 
rections can be avoided by taking a to be the running coupling evaluated at a renor- 
malization scale of the order of the heavy-quark mass. Should the SM be extended by a 
sequential fermion generation consisting of a Dirac neutrino A^, a charged lepton E, an 
up-quark U and a down-quark D, with masses mN,mE, mu, Mw, then their effects 
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on A^^\ A^"^^ and 5^'^ would come in addition to the respective top-quark contributions. 
Thus, Eq. (^9]) would be modified to become 



aGj/^ 5 r / 49 2 ^ 7 2 65 2 m%ml m% 

AA^^r, = —rfrr - H —m, + -TTLm -m^ ^ In ■ 



my - ^E 




(60) 



All previous results for the H'j'-f amplitude were derived under the assumption that 
Mh <C 2Mw- a convenient way to perform the calculation without this restriction would 
be to employ an effective-Lagrangian approach, and to calculate the contributions of 
the various diagrams as insertions of appropriate operators whose coefficient functions 
incorporate the low-energy effect of the heavy fermions. We recall that, in a covariant 
gauge, the Lagrangian (|47| ) is supplemented by additional operators involving charged 
pseudo-Goldstone bosons. Similarly to the use of the second operator in Eq. ( P7| ) for the 
diagram of Fig. 3b, they will only enter the calculation through insertions in one-loop 
diagrams. Therefore, their Wilson coefficients are only needed to (9(G^m|n). The only 
operator whose matching is needed at the two-loop order is the first one in Eq. (^7]). As 
only the diagrams in the first row of Fig. 2b do not have a counterpart in the effective 



theory, this matching is uniquely fixed by Eqs. (H3J51|), which exhaust all necessary genuine 



two- loop calculations. If the restriction Mh -C 2Mw is abandoned, A^) , App 
corresponding amplitude for the charged pseudo-Goldstone bosons will be multiplied by 
non- analytic functions of Mh/Mw whose limits for Mh — ^ are either unity or zero; see. 



for example, Refs. 0, |3^ 



In this paper, we do not consider the O(G^m^) correction to the H'-fZ coupling. At 
one loop, the fermionic contribution to the HjZ amplitude is greatly suppressed against 
the VT-boson contribution, and it is likely that this trend carries over to the two-loop 
order. Furthermore, from the phenomenological point of view, this coupling is much less 
important than the Hj'-f and Hgg couplings. The (9(G^mfn) correction to the H'-fZ 
coupling could be calculated along the same lines as those for the H'yy coupling, but 
choosing a different kind of non-linear gauge. In fact, it is possible to fix the gauge in 
such a way that the ZW^cfy^ vertex is avoided, so that the Z boson separately couples to 
the W and charged Goldstone bosons separately. As in the if77 case, modifications in 
the Faddeev-Popov sector would not affect the calculation. 



4.2 The Hgg coupling 

We now study the two-loop 0{G^m1) corrections to the Hgg coupling. They can be 
inferred from those if 77 diagrams where the photons are directly coupled to the loop 
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fermions. The relevant amplitudes are those given by Eqs. ( P5|P8|J51| ) as well as the 
term proportional to N^. in Eq. (|5^). We need to identify Qa = Qb = ^ and substitute 
a — > as- Furthermore, we need to adjust the overall colour factor by putting Nc 6"'^/2 
in Eqs. (^,|^). Here, a and b are the colour indices of the two gluons. In the following, 
we shall factor out S"''' along with {ki ■ k2 g^^ — kl^ki). 



In the three-generation SM with Mh -C 2mt, the C(G^mj )-corrected Hgg amplitude, 
renormalized according to the electroweak on-shell scheme, is thus found to be 



G 



SM 



2'/'asGy' 



(- 

8tt^V2 V6 



Nr-3 



(61) 



where Nc = 3, in agreement with Ref. If the SM was extended by a sequential 

fermion generation consisting of a Dirac neutrino A^, a charged lepton E, an up-quark 
U and a down-quark D, with masses mN,'mE,mu,rnD ^ Mh/2, then Eq. (|6ll) would 
become 



G 



4Ken 



2'/'asG]/' 

TT 



G„ 



Nc-l]m^t + l{m% + ml) - 



-iV, - 2 ) (mfr + m'n) - N, 



mfjTn 



1 c 2 

m 



6 

In^ 



u 



m 



D 



m 



D 



m 



N 



m. 



m. 



(62) 



Here, we have also assumed that Mh <^ 2mt, so that the lowest-order amplitude receives 
equal contributions from the top, U and D quarks. The heavy leptons and E only con- 
tribute through the renormalizations of the Higgs-boson wave-function and the vacuum 
expectation value. It is amusing to observe that a mass-degenerate heavy-quark isodou- 
blet does not generate any dominant two-loop correction to the Hgg amplitude. If we 
eliminate the top-quark and heavy-lepton contributions from Eq. (|62D so as to isolate the 
contribution due to a heavy-quark isodoublet, then we recover the corresponding result 
of Ref. m 



5 Discussion 



We considered the possible extension of the SM by a sequential heavy-fermion generation 
and analyzed, at two loops in electroweak perturbation theory, the resulting shifts in the 
couplings of a light Higgs boson to the SM leptons, light quarks, intermediate bosons, 
photons and gluons. In the cases of the tree-level and loop-induced couplings, these 
corrections are of relative orders (9(G^m^) and 0{G^m?p), respectively, where mp is a 
generic heavy-fermion mass, with mp ^ M]y,Mh- In the if 77 case, we also assumed 
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that Mh <^ 2Mw- We obtained the corresponding top-quark- induced corrections of the 
three-generation SM as special cases. 



In the following, we analyze the numerical significance of our results, in the electroweak 
on-shell scheme. To C(G^m|) and O(G^m^), the shifts in the Hff, HWW and HZZ 
couplings due to an isodoublet of heavy fermions, A and B, can all be cast into the generic 
form 



6 = N^P^C, — 1 + 



C2 — + iVcCa ^ 

\mA/ \mA/ 



(63) 



where Ci {i = 1,2,3) are dimensionless functions of mB/rriA and Nc = 1 (3) if A and B 
are leptons (quarks). Also Ap can be written in this form, with C3 = 0. Since, in the 
high-mi? limit, Ap, 5^, 6w and 6z are symmetric in ttia and m^, we may, without loss 
of generality, assume that niB/mA < 1. The specific forms of the prefactors in Eq. (|63|) 
are chosen in such a way that, in the case of the leading m^-dependent contribution to 
Ap, the familiar values Ci(0) = 1 |^ and 6*2(0) = 19 — 27r^ ^ —0.739 |3^ are recovered. 



Relative to = 175.6 GeV, we have NcGf,m\/{87T^V2) ^ 0.966% x {niA/mt) 

The outcome of this decomposition is displayed in Table 1, where the coefficients Ci 
are listed as functions of rriB/mA for Ap, Su, 5}^ and 5^*. Let us first discuss the signs 
of the various terms. The (9((j^m|,) terms are throughout positive for Ap and 6u, while 
they are negative for 6^^' and 5^*. In the case of the 0{G'j^mp) term always enhances 
the one-loop correction, while in the other cases this depends on the mass ratio and on 
whether leptons or quarks are considered. From the entries for ms/m^ = in Table 1, we 
read off that the 0{Gf^mf) corrections to Ap, 6u, ^{4? and 5^* amount to 0.966%, 1.13%, 
—0.805% and —0.805%, respectively, and that these values receive relative corrections 
of -0.238%, 2.42%, 3.19% and 6.67% due to the O(G^mf) terms. On the other hand, 
a mass-degenerate fourth-generation quark isodoublet, with masses m^/ = mo = 2mt, 
would not influence the p parameter, but induce in Su, and one-loop corrections 
of 5.15%, —10.3% and —10.3%, respectively, which would be enhanced in magnitude by 
11.6%, 1.93% and 1.93% by the two-loop corrections; see right-most entries in Table 1. 

The partial widths of the Higgs-boson decays into pairs of SM leptons, quarks and 
intermediate bosons receive the overall correction factors (l + S)"^, where 6 is of the generic 
form (|6^) . In Refs. |l^, 0, it was shown how the corresponding corrections to more 
complicated Higgs-boson decay and production processes may be composed from the 
elementary building blocks Ap, 6u, and 5^*- 

We now quantitatively discuss the H'yy and Hgg couplings and how they are af- 
fected by their (9(G'^m|.) corrections. From Eqs. ( |59| ) and (0), we read off that, in the 
three-generation SM, the 0{G^mf) corrections to these couplings amount to —1.75% and 
0.161%, respectively. In the presence of a sequential high-mass fermion generation, the 
lowest-order H'yy and Hgg amplitudes would be multiplied by factors of 15/47 ~ 0.319 
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Table 1: Coefficients Ci (upper entries), C2 (middle entries) and C3 (lower entries) in 
Eq. (^) as functions of niB/mA for Ap, 6u, and in the electroweak on-shell 
scheme. 
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0.211 
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-0.739 


0.050 
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rtot 
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-0.833 


-1.001 
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-2.160 


-2.667 




6.444 


4.629 


2.449 


0.633 


-0.767 


-1.5 




1.150 


1.032 


0.892 


0.824 


0.857 


1 


rtot 


-0.833 


-1.001 


-1.316 


-1.708 


-2.160 


-2.667 




10.044 


7.748 


4.445 


1.568 


-0.528 


-1.5 




3.550 


2.636 


1.707 


1.159 


0.937 


1 



and 3, respectively; see Eqs. ( p(]| , |5^ ). Consequently, the if — > 77 (if — >• gg) par- 
tial decay width would be reduced (amplified) by roughly one order of magnitude. If 
m^v = mE = mjj = niD = 2mt, then these modified lowest-order amplitudes would 
receive two-loop corrections of —71.1% and 2.52%, respectively. The fact that, in the 
new-physics scenario considered here, the (9(G^m|n) correction to the ii77 coupling is so 
sizeable may cast some doubts on the validity of electroweak perturbation theory in this 
case. By the same token, one could place upper mass bounds on the fourth-generation 
fermions by requiring that the 0{G^m?p) corrections stay perturbatively small. However, 
one should bare in mind that, due to the negative interference of the bosonic and fermionic 
diagrams, the one-loop ii77 amplitude is substantially reduced by the inclusion of the 
fourth-generation fermions, so that it may be misleading to use as a criterion the size of 
the two- loop correction relative to the one-loop result. 
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Figure 1: One-loop Feynman diagrams generating C(G^mp) corrections to (a) 
5^^'>My/My, nj^j^(O) and (b) Smp/mF. represents Higgs and pseudo-Goldstone bosons. 
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Figure 3: (a) One- loop Feynman diagrams generating the leading contributions Ap , A\y 
and A^Pp to the amplitude; (b) two-loop Feynman diagram generating the (9(G'^m|.) 
corrections A\y to the H'yy amplitude together with the equivalent operator insertion. 
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